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Abstract: We present a case study for the doubly charged Higgs bosons H±± pair produc-
tion in e+e− and pp colliders with their subsequent decays to four charged leptons. We consider
the Higgs Triplet Model (HTM) with a type-II seesaw mechanism which is not restricted by the
custodial symmetry and the Minimal Left-Right Symmetric Model (MLRSM). Taking into account
theoretical and present experimental bounds, those models differ drastically in values of allowed
non-standard triplet vacuum expectation values (VEV). In HTM the triplet VEV can be at the elec-
tronvolt level, in MLRSM the relevant non-standard VEV scale vR can be from the teraelectronvolt
level up. Nonetheless, in both models, a doubly charged Higgs boson H±± can acquire a mass of
hundreds of gigaelectronvolts, which can be probed at HL-LHC, future e+e−, and hadron colliders.
We present calculations showing which aspects of collider measurements will allow us to differenti-
ate the two models. We find that after taking into account the constraints on the parameters of the
two models coming from neutrino oscillations, LHC, e+e− and low-energy lepton flavour violating
data, for the same mass of H±±, the H±± pair production is comparable in both models, both
in lepton and hadron colliders. However, decay branching ratios can be quite different, leading to
substantially different four lepton final signatures. Setting model parameters to maximise the 4e
and 4µ signals separately, after suitable kinematic cuts, the maximal possible signals for the pro-
cess pp → H++H−− → 4l are connected with detection of four muon events in MLRSM. Typically,
it exceeds the HTM signal by one order of magnitude for MH++ = 1 TeV with significance of the
pp→ 4µ signal S ' 8 for HL-LHC, and S ' 200 for FCC-hh.a
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Introduction
Spectacular discovery of the chargeless Higgs particle (H0) at the LHC [1–3] is consistent with a
prediction of the Standard Model (SM), confirming the basic concept of the spontaneous symmetry
breaking mechanism and particles mass generation. Its observed decays into gauge boson particles
W+W− and ZZ [4–6] fits beautifully into this picture. Similarly, determination of tt¯H0 couplings
in gluon fusion [7–9] and tt¯H0 production [10] confirm Higgs boson role in fermion mass generation.
With gathered statistics, we know more and more about this particle, namely its decay rate to
γγ [11, 12], spin-parity which is dominantly JP = 0+ [4, 5, 13–15]. Also mass suppressed decay rate
to muon pairs when comparing to top pairs is evident [12, 16]. Yet another spectacular success of the
LHC physics is a clear discovery that the Higgs boson decays to the third generation of fermions,
namely to the pairs of τ leptons and b-quarks. Especially determination of the Yukawa Higgs
boson coupling to b-quarks is tricky, as though this channel amounts to about 60% of Higgs boson
decays, the QCD b-quark background is overwhelming [17]. Aiming at sub-per-cent precision for
Higgs boson decays, quantitative tests of the SM for Higgs boson couplings needs further scrutinize
studies at HL-LHC and future Higgs factories. These include also investigation of the Higgs boson
self coupling [18].
However, detection of the Standard Model scalar particle does not exclude existence of more
elaborated theories with extended scalar sectors. The simplest extensions beyond the SM doublet
scalar multiplet include their copies, like two Higgs doublet model [19], supersymmetric extensions
of the SM [20, 21] or, stepping up in this construction, scenarios with triplet scalar representations
either in their supersymmetric [22, 23] or non-supersymmetric versions [24–26]. Here we will con-
sider the latter.
There are many possibilities for triplet representations, depending on the hypercharge Y ≡ 2(Q− T3)
[27–30]. We will explore the simplest one which involves doubly charged Higgs fields in the triplet
representation with hypercharge Y = 2, the Higgs Triplet Model (HTM) [31]. For that, we will not
assume any special symmetries or constructions [32, 33], on the price of v∆, the triplet vacuum
expectation value (VEV) to be extremely tiny, at the scale of electronvolts. We will also consider
much more complex model where the Standard Model SU(2)× U(1) gauge symmetry is extended
by the additional SU(2) group, so-called minimal left-right symmetric model (MLRSM) [26, 34–38].
Both HTM and MLRSM models include doubly charged Higgs bosons.
HTM received a considerable amount of attention recently [39–52]. This model when confronted
with experimental data, features a strong restriction in which v∆ is tuned to the very small values,
O (1) (GeV), and below. Here, in particular, we concentrate on the region where v∆ is of the order
of neutrino masses. Then the triplet Yukawa couplings will be of the O (1) order and H±± decays
dominantly into the same sign dilepton channel. In this case, the LHC direct search bound on the
doubly charged scalar mass, mH±± & 850 GeV [53] applies. At the same time, the constraints from
different lepton flavor violating (LFV) processes and non-universality of leptonic couplings start to
weigh in. It is so as there is a direct relationship among the triplet VEV v∆, neutrino masses, their
mixing and doubly charged Higgs couplings. That is why production and decays of H±± scalars at
high energies depend substantially on the oscillation data and limits on LFV processes.
For decades efforts towards an explanation of the smallness of neutrino masses have led to
many interesting BSM constructions. The simplest and natural seesaw models generate neutrino
masses at the tree level. Seesaw mechanisms of type I [54–58] and III [59, 60] extend the SM with
new fermions, singlet and triplet respectively, with neutrino masses inversely proportional to the
Majorana mass scale vM , which breaks explicitly the lepton number. For large vM , neutrino masses
can be naturally small. However, the same mass scale vM controls the mixing of new and SM
fermions, making the corresponding couplings naturally small and experimental validation of these
models is complicated both at low and high energy processes. However, lowering the mass scale
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vM we can be in reach of direct collider production physics. Still, consistency of constructions with
experimental data must be tuned properly [61]. For a discussion of theoretical aspects of seesaw
mechanisms and LFV effects at high energy colliders, see for instance [62, 63].
The HTM model explains the non-zero neutrino mass thanks to another seesaw mechanism, of
the type II [64–68]. It predicts existence of additional neutral, singly and doubly charged scalars.
In the seesaw of type II, the lepton number is broken explicitly in the scalar potential by a trilinear
coupling µ (see also [69, 70] for a variation where the lepton number is broken spontaneously). This
model generates neutrino masses of the order mν ∼ Yµv2Φ/M2∆, where Y is the Yukawa coupling
of the scalar triplet ∆ to lepton doublets and vΦ is the vacuum expectation value (VEV) of the
SM doublet. The coupling µ is protected by symmetry and is assumed to be naturally small. This
allows for small neutrino masses compatible with a rich phenomenology (the new scalars of the
model could be produced at hadron colliders [71–79] and at the same time there could be enhanced
lepton flavor violating processes like µ→ 3e or µ→ eγ [80–84]), bringing up the possibility to test
the mechanism of neutrino masses in non-oscillation experiments.
In this context, we discuss with fine details the phenomenology of the doubly charged Higgs
boson in the type II seesaw model in this particular (sub)eV corner of the triplet VEV v∆ parameter
space. For the pair production of the doubly charged scalars in the e+e− collider, the constraints
from direct and indirect searches are taken into account. In case of hadron collider, a prominent
production process pp→ H++H−− and its decay are analyzed.
The HTM model which we discuss is the simplest theoretical scenario with the triplet scalar
representation, without ad-hoc symmetries put in. Restrictions come from the experimental data.
On the opposite side of the theoretical complexity stands the MLRSM model. It is interesting to
compare non-standard signals coming from such different models. We will do it here by exploring
both low-energy and high-energy experiments with LFV signals involving H±± Higgs bosons.
As even a single unambiguous LFV event detection would be a signal of beyond SM physics,
there are many efforts to upgrade or create new experimental setups for that, see e.g. [85, 86].
Present bounds for low energy LFV signals, such as nuclear µ to e conversion will become more
stringent at the so-called intensity frontier experiments [87, 88]. The same is true for (ββ)0ν
experiments, see e.g. [89, 90].
Concerning high energy colliders, there are presently several options considered internationally
for future electron colliders [91], namely, FCC (Future Circular Collider) [92, 93], CLIC (Compact
Linear Collider) [94, 95] – both at CERN, the ILC (International Linear Collider1) [97, 98]. The
CEPC (Chinese Electron Positron Collider) [99, 100] in China is of circular type and similarly to
FCC is expected to collide electrons with positrons at 90-365 GeV center of mass energies. The ILC
collider could be positioned in Japan, and its centre of mass collision energies could reach 1 TeV
while CLIC would cover the energies between 380 GeV and 3 TeV. In the future, the optimistic
scenario, extreme energies may become possible in Plasma Wakefield Linear Colliders [101]. In case
of FCC-ee, four running stages are considered [92, 102, 103], with focus on Z,W,H and top quark
production, that is maximal energy will be not enough to search for direct H±± pair production
signals. What remains is the high luminosity LHC (HL-LHC) [91, 104], and the FCC-hh proton-
proton option with center of mass energies of collided protons reaching 100 TeV [105, 106].
A significant part of calculations done in this paper was performed using the MadGraph [107]
and Pythia [108, 109] programs. The UFO files were generated using FeynRules [110] and built on
our model file, based on the default Standard Model implementation.
1Recently ILC and CLIC unite to advance the global development work for the next-generation linear collider [96].
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1 The HTMModel and relevant experimental constraints on its parameters
In this section we describe basics of the HTM model, collect data connected with limits on Higgs
triplet parameters coming from low energy experiments, the bound on the ρ parameter, neutrino
oscillations, limits on HTM contributions to (g − 2)µ and lepton LFV processes, as well as limits on
HTM parameters coming from collider e+e− and e−e− scatterings. These parameters will be crucial
for phenomenological studies of H±± production and decays in next sections.
1.1 The HTM Model
The Higgs Triplet Model extends the Higgs sector of the SM by adding one scalar SU(2)L triplet (∆)
with hypercharge Y = 2 to the Standard Model doublet Φ (following the convention Q = 12Y +T3).
The most general scalar potential is given by [111]
V = −m2Φ
(
Φ†Φ
)
+
λ
4
(
Φ†Φ
)2
+M2∆ Tr
(
∆†∆
)
+
[
µ
(
ΦT iσ2∆
†Φ
)
+ h.c.
]
+λ1
(
Φ†Φ
)
Tr
(
∆†∆
)
+ λ2
[
Tr
(
∆†∆
)]2
+ λ3 Tr
[(
∆†∆
)2]
+ λ4Φ
†∆∆†Φ . (1.1)
Without loss of generality we can take all the parameters to be real [112, 113]. Denoting by v∆ and
vΦ the vacuum expectation values (VEV’s) of the doublet and triplet
m2Φ =
λ
4
v2Φ +
(λ1 + λ4)
2
v2∆ −
√
2µ v∆ , (1.2a)
M2∆ = −(λ2 + λ3) v2∆ −
(λ1 + λ4)
2
v2Φ +
µ√
2
v2Φ
v∆
. (1.2b)
We represent the scalar multiplets in the following way
Φ =
1√
2
( √
2w+Φ
vΦ + hΦ + izΦ
)
, ∆ =
1√
2
(
w+∆
√
2δ++
v∆ + h∆ + iz∆ −w+∆
)
. (1.3)
The triplet VEV v∆ is expected to be at most at the order O (1) GeV to keep the electroweak
ρ-parameter ∼ 1 [70, 73, 74, 111, 114] (see section 1.5 for more details). The electroweak VEV is
then given by
v =
√
v2Φ + 2v
2
∆ ' 246 GeV . (1.4)
The Yukawa sector contains the complete SM Yukawa Lagrangian along with an extra part for the
triplet
L∆Y =
1
2
Y``′LT` C−1iσ2∆L`′ + h.c. , (1.5)
where, C is the charged conjugation operator, Y``′ is the symmetric Yukawa matrix and
L` =
(
ν`
`
)
L
, [` = e, µ, τ ] , (1.6)
are the left handed SU(2) doublets for the three lepton generations. After spontaneous symmetry
breaking, the Yukawa couplings in (1.5) will lead to the Majorana mass matrix for the left handed
neutrinos. The same term in the Lagrangian is responsible for the interaction between doubly
charged scalar particles and charged leptons. The H±± − l∓ − l′∓ vertex breaks the the lepton
– 4 –
number (see section 1.2). The fields, δ±± = H±±, represent the doubly charged scalar with the
mass
M2H±± =
µv2Φ√
2v∆
− λ4
2
v2Φ − λ3v2∆ . (1.7)
To get physical states for neutral and singly charged particles, appropriate rotation of fields in the
CP-odd and CP-even sectors must follow(
G0
A
)
=
(
cosβ′ sinβ′
− sinβ′ cosβ′
)(
zΦ
z∆
)
, with tanβ′ =
2v∆
vΦ
, (1.8)
(
h
H0
)
=
(
cosα sinα
− sinα cosα
)(
hΦ
h∆
)
, with tan 2α =
√
2µvΦ − (λ1 + λ4)v∆vΦ
µv2Φ
2
√
2v∆
+ (λ2 + λ3)v2∆ − λv
2
Φ
4
. (1.9)
Further, we use an approximation sinα ∼ 2 v∆vΦ → 0 [115], neutral scalar masses becomes
M2A =
µ√
2v∆
(v2Φ + 4v
2
∆), (1.10)
M2h = λv
2
Φ cos
2α+
(
µv2Φ√
2v∆
+ 2v2∆(λ2 + λ3)
)
sin2α+ 2
(
vΦv∆(λ1 + λ4)−
√
2µvΦ
)
cosα sinα,
(1.11)
M2H0 = λv
2
Φ sin
2α+
(
µv2Φ√
2v∆
+ 2v2∆(λ2 + λ3)
)
cos2α− 2
(
vΦv∆(λ1 + λ4)−
√
2µvΦ
)
cosα sinα.
(1.12)
In the singly charged sector rotation of fields and masses are the following(
G±
H±
)
=
(
cosβ sinβ
− sinβ cosβ
)(
w±Φ
w±∆
)
, with tanβ =
√
2v∆
vΦ
, (1.13)
to obtain the charged Goldstone (G±) along with a singly charged scalar (H±) with mass
M2H± =
(2
√
2µ− λ4v∆)
4v∆
(v2Φ + 2v
2
∆) . (1.14)
The H± and H±± scalar’s squared masses (1.14) and (1.7) contain terms proportional to v2Φ and are
inversely proportional to the triplet VEV v∆, which should be less than O (1 GeV) (see section 1.5).
That means that MH± , MH±± can be at the level of a few hundred GeV or higher. Latest LHC
bounds on the doubly charged scalar masses vary from 450 to 870 GeV, depending on the decay
modes, assuming that BR (H±± → l±l±) ≥ 10% [53]. Photon-photon fusion studies [116] set
a bound on MH±± at the level of 748 GeV. Limits coming from e
+e− colliders are significantly
lower, from L3 Collaboration (LEP) it is about 100 GeV [117]. This bound comes with assumption
that the t-channel is negligible (Fig. 6) as suppressed by the low H±± − l − l coupling. For singly
charged scalar masses the mass bound is even lower, MH± = 80 GeV [118].
In this paper we assume that the neutral and charged scalars’ masses are degenerated2, that
means MH±± = MH± = MH0 = MA. That choice protects proper ranges of the T-parameter
and potential unitarity for v∆ . 1 GeV [115, 122].
2Even though the mass split MH ≡MH±±−MH± is proportional to v2Φ, the electroweak precision data (h→ γγ)
gives a limit |MH±± −MH± | ≤ 40 GeV [119–121].
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1.2 H±± couplings with leptons
The Yukawa terms with neutrino fields generate Majorana masses
L∆Y → L∆ν =
1
2
ν¯`
v∆√
2
Y``′ ν`′ ≡ 1
2
ν¯` (Mν)``′ ν`′ . (1.15)
This term also contains the H±± − l∓ − l′∓ vertex which leads to the lepton flavor violation. We
can diagonalize the neutrino mass matrix by U as follows [123]
U†Mν U∗ =
1
2
Dν =
1
2
diag{m1,m2,m3}. (1.16)
The matrix U relates the mass eigenstates νi through a superposition of the flavor states ν`:
|νi > = UT |ν` >, so it is directly connected with the PMNS matrix (1.24) and the exact re-
lation between them is U∗ = VPMNS . Now we can write Yukawa couplings as a function of the PMNS
matrix and masses of neutrinos. From (1.16), Y``′ can be written in the following form
Y``′ = 1√
2v∆
V ∗PMNS Dν V
†
PMNS . (1.17)
We discuss the parametrization of VPMNS and used range of the oscillation parameters in section 1.4.
The Y``′ coupling depends on v∆, neutrino masses and oscillation parameters. From perturbativity,
Y 2``′ ≤ 4pi. Apart from this restriction, there are stringent limits on Y``′ coming from various
experimental data which we will discuss right now.
1.3 HTM and experimental constraints from SM and LFV processes
The Yukawa term (1.5) includes the H± − l − ν and H±± − l − l vertices with corresponding
couplings. They can contribute to several LFV processes like radiative decay of charged leptons
li → ljγ, three body decay of charged leptons li → lj lkll, µ-to-e conversion in nuclei µN → eN∗.
We show the contributing diagrams for HTM in Fig. 1(a)-(e). In Fig. 1(f) we include the muonium-
antimuonium conversion µ−e+ → µ+e−. Corresponding limits on the H±± parameters are gathered
in Tab. 1. Tab. 2 gathers relevant SM processes: Møller scattering e−e− → e−e−, Bhabha scattering
e+e− → e+e−, the anomalous magnetic moment of the muon (g−2)µ) from which also useful limits
on the H±± parameters are derived. These processes have been discussed in the context of HTM
in many works [31, 84, 124–129]). The branching ratios in Table 1 depend on the charged scalar
masses and the Yukawa couplings Y``′ , defining the allowed space of mass and coupling parameters
for charged scalars.
The radiative decays li → ljγ and the µ-to-e conversion process mediated by doubly and singly
charged scalar bosons originate from the following Lagrangian [130]
L ⊂ −4eGF√
2
mlAR(q
2) l¯
′
σνµPR l Fµν − e
2GF√
2
AL(q
2) l¯
′
γνPLl
∑
q=u,d
qQQ¯γνQ+ h.c. (1.18)
Branching ratios depend on the form factors AL and AR, which actual form depends on Higgs scalar
contributions to the considered processes. For the doubly charged scalar there are four relevant
diagrams as shown in Fig. 1 (a) and (b). The amplitude for H±± for the first two diagrams
Fig. 1 (a), at the leading order of the doubly charged scalar mass is
MIMH±± ⊂ −
(Y∗)ei(Y)µiγµPL
128pi2
(2

+ log
4piµ2
M2H±±
)
+
(Y∗)ei(Y)µiγµPL
64pi2
(
− 1
4
− r
36
+
si
2
+
r
6
f(r, si)
)
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+
(Y∗)ei(Y)µiPL
384pi2M2H±±
[(
− 5
6
+ f(r, si)
)
(/p1γµ /p1 + /p2γµ/p2)
+
(1
6
+ f(r, si)
)
(/p1γµ/p2) +
(17
6
− f(r, si)
)
(/p2γµ/p1)
]
− (Y
∗)ei(Y)µiPR
1152pi2M2H±±
(
/p1p1µ + 5/p1p2µ + 5/p2p1µ + /p2p2µ
)
, (1.19)
where f(r, si) =
4si
r + log(si) +
(
1− 2sir
)√
1 + 4sir log
(√
r+
√
r+4si√
r−√r+4si
)
, r = −q
2
m2
H±±
,si =
m2i
m2
H±±
.
µ is a mass parameter introduced in dimensional regularization,  = 4−D and D is dimension.
H±±
H±±/H±
li(p1) lk(p2)
lj
γ(q)
li(p1) lj/ν lk(p2)
γ(q)
li(p1) lk(p2)
γ(q)
lj/ν
H±±/H±
lk(p2)li(p1) lj/ν
γ(q)
H±±/H±
(a) (b)
µ(p1) e(p2)
N N∗
µ(p1) e(p2)
N N∗
H±±
H±±/H±
γ/Z(q) γ/Z(q)
µ(p1) e(p2)
H±±/H±
N∗N N∗N
e(p2)µ(p1)
H±±/H±
γ/Z(q) γ/Z(q)
l/ν l/ν
(c) (d)
H±±
ll
lk
lj
li e
−
H±±
e+
µ+ µ
−
(e) (f)
Figure 1. Feynman diagrams representing the contributions to various Lepton flavour violating processes
mediated by charged scalar in the HTM. (a) and (b) are representing the radiative decay li → ljγ, (c) and
(d) corresponds to µ to e conversion. Three body decay of lepton contribution is shown by diagram (e) and
diagram (f) represents muonium-antimuonium conversion.
The contribution from other two diagrams Fig. 1(b) mediated by the doubly charged scalar boson
is
MIIMH±± ⊂
(Y∗)ei(Y)µiγµPL
128pi2
(2

+ log
4piµ2
M2H±±
)
+
(Y∗)ei(Y)µiγµPL
128pi2
(1
2
+
se + sµ
3
− si
)
+
(Y∗)ei(Y)µiPR
384pi2M2H±±
(
/p2γµ/p1
)
. (1.20)
By adding (1.19) and (1.20) we can see that the final contribution is finite and after doing some
algebra the contribution of the doubly charged scalar form factors can be written in a compact way
MMH±± ⊂ −
(Y∗)ei(Y)µi
192pi2M2H±±
f(r, si)(q
2γµ − qµqνγν)PL −
– 7 –
(Y∗)ei(Y)µi
192pi2M2H±±
(mePLiσµνq
ν +mµPRiσµνq
ν) (1.21)
In a similar way one can compute the contributions from diagrams mediated by singly charged
scalar bosons and the total amplitude in HTM can be written as
MHTM ⊂ − (Y
∗)ei(Y)µi
192pi2
( 1
12M2H±
+
f(r, si)
M2H±±
)
(q2γµ − qµqνγν)PL −
(Y∗)ei(Y)µi
192pi2
( 1
8M2H±
+
1
M2H±±
)
(mePLiσµνq
ν +mµPRiσµνq
ν) (1.22)
Matching (1.22) to (1.18), we can extract the form of the AL(AR) form factors and compute
the analytic formulas for the radiative decays and µ-to-e conversion processes. The final analytic
formula for considered LFV processes are gathered in the Appendix.
If massive neutrinos couple to leptons are of Majorana type, the lepton number can be violated
by two units, ∆L = 2. This leads to the neutrinoless double beta decay ββ0ν process [131, 132]
and as it is not observed so far, it puts a constraint on models parameters. This process has been
analyzed within HTM in [133], the non-standard contribution is negligibly small.
Above we have discussed LFV processes which are not observed so far, leading to severe bounds
on BSM physics and parameters. Useful information about limits on the BSM physics can be
also obtained by exploring observed SM processes and analysing experimental results and SM
predictions. One of such processes is the Bhabha scattering present in electron-positron collisions.
It serves as a calibration method for colliders as it is a QED dominated t-channel process, see
Section II and Figs. 1-2 in [134]. The LEP data [117] sets a lower limit on H±±, namely Y``′ ≥ 10−7
(to ensure H±± decay before entering the detector).
Another SM experiment which seems to provide promising signature of the physics beyond the
Standard Model is the observed excess in the anomalous magnetic moment of the muon (g − 2)µ.
There is a lasting discrepancy of more than 3σ in the measurement of (g−2)µ with the corresponding
Standard Model value [135]. At present the deviation, as given by PDG, is [136]:
∆a(g−2)µ ≡ aexpµ − aSMµ = 268(63)(43)× 10−11. (1.23)
The experimental limits for Bhabha, Møller and (g − 2)µ SM processes are collected in Tab. 2.
Charged scalars can contribute to the (g − 2)µ at the one-loop level. There are many studies of
BSM contribution to (g−2)µ in the literature. The contribution from a doubly charged Higgs boson
to (g−2)µ is discussed in [137] and in the context of HTM in [125]. The diagrams mediated by singly
and doubly charged scalars contributions to (g − 2)µ are given by Fig. 1 (a) and (b) where both
li, lj are µ (muons). Contributions of singly and doubly charged scalar bosons to (g− 2)µ amounts
a negative number [85] and (g− 2)µ anomaly is hard to be explained by H±±. However, it is worth
mentioning that observed anomaly is an open problem as still some discrepancies among different
low-energy experiments exist [135].
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Process Present limits Future limits
L
F
V
p
ro
ce
ss
es
BR(µ→ eγ) 4.2×10−13 [138] 6.0×10−14 [139]
BR(τ → eγ) 3.3×10−8 [140] 1.0×10−8 [141]
BR(τ → µγ) 4.4×10−8 [140] 3.0×10−9 [142]
BR(µ→ eee) 1.0×10−12 [143] ∼ 10−16 [144]
BR(τ → eee) 2.7×10−8 [145] 5.0×10−10 [141]
BR(τ → µµµ) 2.1×10−8 [145] 4.0×10−10 [141]
BR(τ− → µ+e−µ−) 2.7×10−8 [145] 5.0×10−10 [141]
BR(τ− → µ+e−e−) 1.5×10−8 [145] 3.0×10−10 [141]
BR(τ− → e+µ−µ−) 1.7×10−8 [145] 3.0×10−10 [141]
BR(τ− → e+e−µ−) 1.8×10−8 [145] 3.0×10−10 [141]
R(µN → eN∗) 7.0×10
−13
(for Au)
[146]
2.87×10−17
(for Al)
[147]
µ+e− → µ−e+ √Yee · Yµµ < 0.44 ·MH±±103GeV [148]
Table 1. Current and future limits on the processes with doubly charged scalar contributions, LFV
processes (90% CL).
Process Present limits
S
M
p
ro
ce
ss
es
|Yee| ≤
√
4pi MH±±
8.7×103 GeV [149]
e+e− → l+l− |Yeµ| ≤ 1√2
√
4pi MH±±
12.2×103 GeV [149]
(LEP)
|Yeτ | ≤ 1√2
√
4pi MH±±
9.1×103 GeV [149]
e−e− → e−e− |Yee| ≤ MH±±3.7×103 GeV [150]
(MØLLER)
(g − 2)µ ∆aµ = (29.3± 9.0)× 10−10 [151]
Table 2. Current limits on the Standard Model processes with doubly charged scalar contributions (95%
CL).
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1.4 Neutrino mixing matrix, mass hierarchies within HTM
From (1.17) we can see that the H±± − l − l′ couplings depend on the neutrino oscillation pa-
rameters, lightest neutrino mass and their hierarchy. Details of studies for the HTM model are thus
very sensitive to the neutrino oscillation data, as discussed already in [31] and [52, 79, 115]. In our
analysis the following, standard parametrization of the VPMNS matrix is used:
VPMNS =
 c12c13eiα1 s12c13eiα2 s13e−iδCP(−s12c23 − c12s23s13eiδCP )eiα1 (c12c23 − s12s23s13eiδCP )eiα2 s23c13
(s12s23 − c12c23s13eiδCP )eiα1 (−c12s23 − s12c23s13eiδCP )eiα2 c23c13
 , (1.24)
where sij and cij denotes sin(θij) and cos(θij), respectively. Tab. 3 shows global neutrino fits at the
2σ C.L. for neutrino parameters which are used in present analysis for two mass orderings, defined
as:
Normal mass hierarchy: Inverted mass hierarchy:
mν1 = mν0 ,
mν2 =
√
m2ν0 + ∆m
2
21,
mν3 =
√
m2ν0 + ∆m
2
31,
mν1 =
√
m2ν0 −∆m221 −∆m232,
mν2 =
√
m2ν0 −∆m232,
mν3 = mν0 ,
(1.25)
where ∆m2ij = m
2
i −m2j .
Normal hierarchy (NH) Inverted hierarchy (IH)
Best
fit (bf):
σ bf±1σ bf±2σ Best
fit (bf):
σ bf±1σ bf±2σ
sin2 θ12 0.310
+0.013
−0.012
0.298
÷
0.323
0.286
÷
0.336
0.310
+0.013
−0.012
0.298
÷
0.323
0.286
÷
0.336
sin2 θ23 0.558
+0.020
−0.033
0.525
÷
0.578
0.492
÷
0.598
0.563
+0.019
−0.026
0.537
÷
0.582
0.511
÷
0.601
sin2 θ13 0.02241
+0.00066
−0.00065
0.02176
÷
0.02307
0.02111
÷
0.02373
0.02261
+0.00067
−0.00064
0.02197
÷
0.02328
0.02133
÷
0.02395
δCP [
o] 222
+38
−28
194
÷
260
166
÷
298
285
+24
−26
259
÷
309
233
÷
333
∆m221
10−5 eV2
7.39
+0.21
−0.20
7.19
÷
7.60
6.99
÷
7.81
7.39
+0.21
−0.20
7.19
÷
7.60
6.99
÷
7.81
∆m23l
10−3 eV2
+2.523
+0.032
−0.030
2.463
÷
2.527
2.463
÷
2.587
-2.509
+0.032
−0.030
-2.539
÷
-2.477
-2.569
÷
-2.445
Table 3. Neutrino oscillation data, notations as in [152]. ∆m2ij = m
2
i −m2j . Depending on the hierarchy,
for atmospheric nutrino oscillations either ∆m23l = ∆m
2
31 > 0 (NH) or ∆m
2
3l = ∆m
2
32 < 0 (IH).
Concerning the Dirac CP-phase δCP , the global fits indicate preference for its non-zero values.
Recent T2K results confirm this tendency and considered by us 2σ range of the Dirac phase covers
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well the best fit values given in [153]. In analysis we are chosing δCP data as given in Tab.3. There
is no direct limit on the Majorana phases α1, α2. However, in some studies there are predictions
using the neutrinoless beta decay, e.g., see [154]. There is no bound on the individual masses of
neutrinos from the oscillation data. Therefore, the lightest neutrino mass mν0 is a free parameter
and other two masses are determined through (1.25). However, there are limits on the sum of three
neutrino’s masses from different experiments: from the tritium decay [118] or neutrinoless double
beta decay [155], the sharpest limit comes from astrophysics and cosmology [156]
Σ ≡
3∑
i=i
mνi ≤ 0.23 eV. (1.26)
These limits set the upper bound on the lightest neutrino mass [157, 158], present experimental
data gives
mν0 =
{
0.071 eV, NH,
0.066 eV, IH.
(1.27)
1.5 The triplet VEV v∆ and the ρ-parameter
As we mentioned in the introduction, the additional scalar triplet contributes to the ρ parameter.
It can be defined either through a relation among massive SM gauge bosons Z and W and Weinberg
mixing angle or relations among gauge couplings [159]. In HTM, at the tree level, ρ can be written
as [160]:
ρ =
1 + 2
v2∆
v2Φ
1 + 4
v2∆
v2Φ
. (1.28)
The experimental limit on the ρ parameter [161]:
ρexp = 1.00037± 0.00023, (1.29)
put the upper bound on the triplet VEV v∆.
Taking
√
v2φ + 2v
2
∆ = v = (
√
2GF )
− 12 [162, 163] where GF is Fermi coupling constant
1.1663787(6) × 10−5 GeV−2 [164], we get
v∆ ≤ 1.7 GeV, (1.30)
for ρexp, within 2σ deviations. Let us note that the limit on v∆ can not be obtained for ρ
exp
within 2σ deviation. It is connected with the fact that relation (1.29) has sense only for ρexp ≤ 1,
otherwise v∆ comes out to be a complex number. We will see in the following section that other
low experimental data are more important, lowering down the scale of v∆ in an unambiguous way
to the (sub)electronvolt level.
1.6 Relation between v∆ and doubly charged scalar particles parameters in the light
of low and high energy experimental limits
In this section, we analyze bounds on the triplet VEV v∆ from low and high energy experiments
discussed earlier (see Tables 1 and 2). Fig. 2 shows excluded regions in the plane of v∆ and MH±±
parameters’ space based on current limits on branching ratios (for both NH and IH scenarios) for
various LFV processes and (g− 2)µ. The analytic formulas for the relevant quantities are collected
in the Appendix. In analysis we consider 2σ range of neutrino oscillation parameters, Tab. 3,
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Majorana phases α1 and α2 are varied in the full range (0,2pi). We vary lightest neutrino mass
mν0 keeping the Σ (sum of neutrino masses) limit (1.26) for both inverted and normal hierarchies.
We assume degenerate mass for charged scalar bosons, MH±± = MH± , and vary them from ∼ 500
GeV to 1000 GeV (MH±± . 470 is already excluded by the LHC, see section 3 and a discussion
around Tab. 5). The shaded regions in Fig. 2 are excluded from LFV and muon (g − 2)µ limits.
(a) (b)
Figure 2. Plots for v∆ vs mH±± using normal and inverted hierarchy data. Shaded regions correspond
to the exclusion limits coming from LFV bounds for current data and future sensitivity expectations. The
neutrino oscillation data are taken in the 2σ range. In general, precision of future experiments (see Tab. 1)
will allow to get one order of magnitude better limits on v∆.
We use different colors to show the exclusion from individual LFV processes: radiative decay of
leptons (green), three body decay of leptons(red), µ-to-e conversion (blue), and (g − 2)µ (violet).
We can see that the most stringent limit is due to three body decays li → lj lklk specifically the
µ → eee process. We do not find any significant difference between two neutrino mass hierarchy
scenarios, but for low neutrino masses the radiative decay µ→ eγ starts to play an important role
in normal hierarchy case (see Tab. 4). Bounds coming from scattering processes or muonium to
antimuonium conversion are at least one order of magnitude smaller than those obtain through
(g − 2)µ calculation and are not included in the above plots.
In Table 4, we collect the lower limits of v∆ in eV for different values of Majorana phases and
lightest neutrino mass assuming m±±H = 700 GeV. The process which put the strongest limit is
written below the numerical values. For our further analysis and the HTM benchmark point we take
v∆ = 15 eV.
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NH IH
α1 α2 mν0 = 0 mν0 = 0.01 mν0 = 0.071 mν0 = 0 mν0 = 0.01 mν0 = 0.066
0 0
1.04
µ→ eγ
1.60
µ→ eee
6.45
µ→ eee
3.36
µ→ eee
3.74
µ→ eee
7.47
µ→ eee
0 pi2
1.04
µ→ eγ
1.15
µ→ eee
7.48
µ→ eee
4.92
µ→ eee
4.99
µ→ eee
8.09
µ→ eee
pi
2 0
1.04
µ→ eγ
1.04
µ→ eγ
6.68
µ→ eee
4.92
µ→ eee
5.06
µ→ eee
8.56
µ→ eee
pi
2
pi
2
1.04
µ→ eγ
1.71
µ→ eee
5.61
µ→ eee
3.36
µ→ eee
3.09
µ→ eee
3.15
µ→ eee
Oscillations
± 2σ 0.93 ÷10.31 1.07 ÷ 11.38
Table 4. Lower bounds on the triplet vacuum expectation value v∆ (in eV) for different values of Majorana
phases and doubly charged scalar’s mass MH±± = 700 GeV. The most strict limit is coming from the LFV
processes named under the numerical value. As we can see, the triplet VEV v∆ is mainly bounded by
experimental limits on µ→ eee and µ→ eγ dacays. First four rows present results for best fit of neutrino
oscillation data. The last row shows range of the lowest possible v∆ for oscillation parameters within ±2σ
range and Majorana phases within the entire 2pi angle. All values in the table are in eV.
2 The MLRSM model and relevant experimental constraints on its param-
eters
We consider a left-right symmetric model based on the SU(2)L ⊗ SU(2)R ⊗ U(1)B−L gauge group
[26, 34–36, 38] in its most restricted form, so-called Minimal Left-Right Symmetric Model (MLRSM)
which contains a bidoublet Φ and two (left and right) triplets ∆L,R [27, 36, 37, 165].
2.1 Constraints on MLRSM model parameters and the triplet VEV vR
The heavy sector of the model is triggered by VEV vR connected with the Higgs triplet ∆R. All new
gauge and scalar bosons are proportional to vR, and vR  κ, where κ is a VEV related to the scale
of the SM spontaneous symmetry breaking and to the SM gauge bosons W1, Z1, κ ' 246 GeV.
In the last few years, LHC has constrained the possible vR scale very much by exploiting
different channels where WR plays a crucial role, e.g., WR decays to two jets [166], two jets and two
leptons [167] and top-bottom quarks [168]. Altogether, the following bounds on MW2 have been
obtained at LHC in recent years: (i) ATLAS - 3.6 TeV (2017) [166]; 4.8 TeV (e-channel), 5 TeV
(µ-channel) for MNR ∈ [0.4, 0.5] TeV (2019) [169]; (ii) CMS - 4.4 TeV (2018) [167], assuming that
SU(2)R gauge coupling gL equals the SU(2)L coupling gR. These bounds can be relaxed without
such an assumption [170–173].
Let us mention that a simultaneous fit to the SM low energy charged and neutral currents set
much weaker bound MW2 > 715 GeV [136, 174].
Most of the experimental LHC analyses are based on simplified scenarios where heavy neutri-
nos are mass degenerate with diagonal mixings and where CP-violating effects are not taken into
account. However, such effects are natural and give insight into potentially possible destructive
interference effects leading to relaxing limits on the vR scale, see [62, 174]. In MLRSM models two
scenarios are possible, MW2 < MN or MW2 ≥ MN . In further studies, we take MW2 > 1.4 TeV
and MW2 ≥MN and keeping in mind that bounds on MN and MW2 are not independent from each
other [175, 176]. Concerning other low-energy LFV processes discussed in Tab.1 and Tab.2, the
limits on heavy particles like H±±1,2 ,W
±
2 , Z2, in MLRSM the situation depends strongly on the neu-
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trino mass spectrum [177] and in this work we do not focus on such details. We assume windows
of possible masses of heavy MLRSM particles allowed by low energy analysis [178–182].
Apart from experimental limits, there are pure theoretical bounds on vR scale, expressed
through MW2 mass, which are also at a few TeV range, 1.3 ÷ 6.5 TeV [176], depending on the
mass scale of FCNC Higgs bosons [183]. Such a relatively low (TeV) scale of the heavy sector
is theoretically possible, even if gauge unification (GUT) is demanded, for a discussion, see [184]
and [185].
As far as one loop corrections are concerned and additional precision constraints on MLRSM
parameters, there are very few studies based on LR models, i.e., [37, 159, 174, 186] (MLRSM model),
the other papers are: [187, 188] (limits on W2 mass coming from the KL − KS process (finite
box diagrams, renormalization not required)), [189] (LEP physics), [190–194] (process b → sγ).
Some interesting results are discussed also in papers [195, 196] where the problem of decoupling
of heavy scalar particles in low energy processes has been discussed. In [178] it has been shown
that low-energy radiative corrections shrink non-standard parameters to very small regions, due
to correlations among gauge bosons, scalars and heavy neutrino massses, though still there is a
freedom connected among others with unknown scale vR.
2.2 H±±1 and H
±±
2 couplings with leptons
Here we argue that due an energy scales difference between vR and the low-energy bidoublet VEV
κ ≡
√
κ21 + κ
2
2, κ  vR, the see-saw mechanism is possible and low energy LFV signals are sup-
pressed due to high vR and heavy neutrino masses. To see, this, the most general doubly charged
couplings to leptons, which takes into account mixing matrices, reads [37]
δ++R l¯
′c
LhM l
′
R + h.c. =
1√
2vR
∑
l,k
{
δ++R
[
lTl C
(
KTR (Mν)diagKR
)
lk
PRlk
]
+ δ−−R
[
l¯l
(
K†R (Mν)diagK
∗
R
)
lk
PLCl¯
T
k
]}
, (2.1)
δ++L l¯
′c
RhM l
′
L + h.c. =
1√
2vR
∑
l,k
{
δ++L
[
lTk C
(
KTLXK
∗
L
)
kl
PLll
]
+ δ−−L
[
l¯k
(
KTLX
∗K∗L
)
kl
PRCl¯
T
l
]}
(2.2)
where X = (K∗LK
T
R) (Mν)diag (KRK
†
L).
These couplings originate from the Yukawa part of the Lagrangian for additional scalar triplets and
a bidoublet φ:
− L¯L
[
hlφ+ h˜lφ˜
]
LR − iL¯cRσ2∆LhMLL − iL¯cLσ2∆RhMLR + h.c. (2.3)
Diagonalization of the resulting neutrino mass matrix
Mν =
(
0 MD
MTD MR
)
, MR =
√
2hMvR, (2.4)
goes with the help of a unitary 6×6 matrix U
UTMνU = (Mν)diag, U =
(
K∗L
KR
)
.
This procedure leads to the introduction of the KL and KR submatrices in (2.1) and (2.2) [175, 197].
The charged lepton mass matrix is diagonalised by V lL,R3×3
V lL
†
MlV
l
R = (Ml)diag.
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Apart from charged lepton and neutrino mass terms, Lagrangian (2.3) contains scalar-lepton inter-
actions too.
(Mν)diag contains 3 light neutrinos, there contribution to the couplings (2.2) and (2.1) are
negligible. To see amount of heavy neutrinos contributions to (2.2) and (2.1), we note that structure
of KL and KR mixing matrices are the following [175, 197]
(KL)liνj =

e µ τ · · ·· · ·
· · ·
 light neutrinos · · ·· · ·
· · ·
heavy neutrinos

∼

O(1)
O
(
1
mN
)

, (2.5)
(KR)liνj =

e µ τ · · ·· · ·
· · ·
 light neutrinos · · ·· · ·
· · ·
heavy neutrinos

∼

O
(
1
mN
)
O(1)

. (2.6)
Off-diagonal elements for heavy neutrinos couplings in KR are typically also of the order of inverse
heavy neutrino mass scale, that is why LFV couplings of leptons with doubly charged Higgs bosons
are strongly suppressed, δL,R − l − l off-diagonal lepton couplings are suppressed by 1/m2N when
comparing to diagonal cases.
For reasons discussed in [186] and more extensively in [61], we take seesaw diagonal light-heavy
neutrino mixings. It means that W1 couples mainly to light neutrinos, while W2 couples to the
heavy ones.
To summarize, unlike in the HTM case, the H±± − l∓ − l∓ vertex does not depend on the
light neutrino mixing. With vL = 0 the MLRSM realizes the seesaw type-I mechanism and the light
neutrino mass is due to the existence of additional heavy neutrino states and vR scale.
We should note that it is not natural and very hard to create non-decoupling mixings for non-
diagonal KL and KR matrix elements, even when some symmetries are considered in type-I seesaw
models [61].
3 Colliders signals, the results
In this section we analyse the collider aspects of doubly charged scalar within HTM as well as MLRSM.
First, we discuss suitable benchmarks for production and decays of doubly charged scalar bosons
in both the models. We present benchmarks for lepton as well as hadron colliders. Further, we
analyse the leptonic signature of the doubly charged scalar boson at future lepton collider. Finally,
we present a comparison of the result for both the scenarios.
3.1 HTM, a choice of benchmark parameters and H±± decay scenarios
In HTM the doubly charged scalar has nine possible decay channels, depending on the scalar boson
mass
(i) H±± → li lj , i, j = e, µ, τ ,
(ii) H±± →W±W±,
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(iii) H±± → H±W±,
(iv) H±± → H± H±.
In this paper we will focus on the first channel (i) and present a case study for a pair production
of a doubly charged scalar boson and its subsequent leptonic decays, considered also in [198]. It
is a very clean channel which provides a unique signature for colliders signals with a pair of the
same sign leptons [165]. Scenarios (iii) and (iv) require non-degenerate masses for charged scalar
particles: MH±± > MH± +MW and MH±± > 2MH± , respectively.
(a) (b)
Figure 3. Branching ratios for H±± in HTM for a non-degenerated case (a) with mH±± = 700 GeV and
mH± = 620 GeV and for a degenerate case (b) when mH±± = mH± = 700 and 300 GeV are assumed. The
shaded regions correspond to IH and NH neutrino mass hierarchies with mν0 limited by Σ in (1.26) and
MH±± = 700 GeV. Dashed lines in case (b) describes the branching ratios for MH±± = MH± = 300 GeV.
The oscillation data are taken in the 2σ range.
In Fig. 3 we show a variety of branching ratios as a function of v∆ for various H
±± decay channels.
On the left plot we show the following decays: leptonic (red), W± gauge bosons (green) and H±W±
(blue). On right we give a variation of leptonic and pair of gauge boson decay branching ratios for a
degenerate mass of H±±. There are two cases there: the solid line is for MH±± = MH± = 700 GeV
and the dashed line is for a charged scalar boson mass of 300 GeV (this mass is already excluded
by LHC, we left it for comparison with a previous work, see Fig. 4 in [73]). The shaded region
is connected with the lightest neutrino mass, it’s hierarchy and 2σ oscillation parameter range,
however, it does not change the result substantially. We can see that the cross-cut point is shifting
with charged scalar boson mass, but in the interesting mass region, the lepton channel dominates
till the triplet VEV v∆ reaches values at the range of 10
4 ÷ 105 eV.
In Fig. 3 (a) we consider a mass gap MH ≡MH±±−MH± = 80 GeV, in Fig. 3 b) we show results
for degenerate case MH±± = MH± = 700 GeV, when both H
±± → H±W± and H±± → H±H±
channels are suppressed. It has been showed in [115] and [122] that there are limits on mass gap
|MH±± −MH± | to preserve the oblique T-parameter, unitarity and potential stability condition.
From electroweak precision data and limits from the h → γγ process [119, 121] the dominant
contributions are for a degenerate case. Therefore only leptonic and W gauge boson decay channels
are possible. However, the H±± −W∓ −W∓ vertex is proportional to the triplet VEV v∆ while
the Yukawa coupling in the H±± − l∓ − l∓ vertex is proportional to 1v∆ , so the lepton channels
dominate strongly over the scenario (ii) for the triplet VEV v∆ < 10
5 eV.
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For VEV v∆ in a range of eV, the cumulative leptonic channel dominates in that region re-
gardless of the neutrino masses and oscillation parameters as well as doubly charged scalar boson
masses. So, our final conclusion is that when H±W± and H±H± channels are suppressed, the
leptonic decays dominate for low v∆.
BR ll ee eµ µµ
0.01 - 249.2 216.3 309.7
0.02 - 310.9 300.0 335.7
0.03 - 323.7 316.6 367.5
0.04 - 333.9 329.5 418.2
0.05 - 342.5 339.5 434.1
0.1 473.7 478.5 473.7 480.7
0.2 493.5 613.7 573.1 557.9
0.3 518.1 638.9 648.0 683.4
0.4 645.4 658.4 671.7 714.6
0.5 662.7 691.5 690.0 734.0
0.6 679.6 - - -
0.7 695.6 - - -
Table 5. Lowest limits on a mass of the doubly charged scalar boson MH±± for different branching ratios
[53]. We removed data which corresponds to the branching ratio region beyond what has been obtained
in Fig. 4 within 2σ range of the neutrino oscillation parameters. Another interesting conclusion from this
table is that within the HTM the doubly charged scalar boson cannot be lighter than 473 GeV for the normal
neutrino mass scenario (and 518 GeV for the inverted mass hierarchy), see Fig. 4 (a).
The sharpest limit from ATLAS on MH±± is that mass should be larger than 870 GeV for the
left-handed triplet doubly charged scalar boson field, assuming the 100% branching ratio for the
H±± → l±l± decay (l± = e±, µ±). However, it is possible to lower down the limit to 450 GeV for
10% leptonic decay branching ratio (see Fig. 13 d in [53]). On the other hand, the decays into the
τ lepton are not considered in the above analysis. In Tab. 5 we present branching ratios for those
channels and the consolidated result for ee, eµ and µµ decays, within the ±2σ range of oscillation
parameter space. For other channels including the τ we refer to [199]. The proportion between
different lepton decay channels depends strongly on the neutrino masses, their hierarchies and
oscillation parameters. It is possible to find the parameter space where the branching ratio for the
particular lepton channel is small regardless v∆ even if the cumulative lepton channel dominates over
the W boson channel (the relative lepton decay contributions Γ(H±± → l l′)/∑ Γ(H±± → li lj)
do not depend on the triplet VEV v∆).
We combine the data both from the LHC limits [53] and neutrino parameters within the ±2σ
range given in Tab. 3 and compute the lowest limit on doubly charged scalar boson mass. We
removed the BR values that are forbidden due to the neutrino oscillation parameters. Finally,
the lowest mass limit on MH±± within the HTM varies from 473.7 GeV for normal (NH) and
645.4 GeV for inverted neutrino mass Hierarchy (IH) for BR(H±± → ll′) = (Γ(H±± → e±e± +
e±µ± + µ±µ±))/Γ(H±± → ∑i,j l±i l±j ) ≥ 0.1 and 0.4, respectively, where li,j = e, µ, τ . The most
severe limit at 734 GeV comes from the same sign muon channel when BR is 50 %.
In conclusion, when assuming complete scenarios with H±± decays to all leptons, still MH±±
can be relatively light.
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(a) (b)
(c) (d)
Figure 4. H±± decay branching ratios, l,l′ = e,µ within the HTM model, with corresponding bounds on
the doubly charged scalar particle’s masses. Neutrino parameters are within the ±2σ range, Tab. 3. Solid
lines present the result for best fit of neutrino parameters and particular values of Majorana phases. We
have marked the points used for further calculations with  and •, see Tab. 6.
Our main aim is to analyse the final four lepton (4l) signals at the colliders. The dominant
signatures are e+e+e−e− and µ+µ+µ−µ− final states within both HTM and MLRSM models. In MLRSM
they are not bounded by the neutrino oscillation parameters since the H±±1,2 −l−l vertex is related to
the heavy right-handed neutrino masses and parameters, as discussed in section 2.2. Within the HTM
model these 4l contributions are restricted by the light neutrino oscillation data. Using branching
ratios shown in Fig. 4 we compute two parameter sets (for normal and inverted hierarchy) for which
the branching ratio for e±e± and µ±µ± are the highest. We collect the chosen parameters in Tab. 6.
We choose two benchmark masses for the collider analyses: MH±± = 700 GeV (which can be probed
at very high energies in e+e− collision, when available, see section 3.4) and MH±± = 1000 GeV
(this higher mass range can be probed without problems at the HL-LHC and FCC-hh, see Fig. 12).
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MH±± H
±± → XX HTM
NH IH
700 GeV ()
BR=0.283
α1 =
pi
2
BR=0.475
α1 =
pi
2
eemax α2 =
pi
2 α2 =
pi
2
BR < 0.5 mν0 = 0.71 eV mν0 = 0
BR=0.3
α1 =
pi
2
BR=0.3
α1 = 0
µµmax α2 = 0 α2 = 0
BR < 0.3 mν0 = 0.025 eV mν0 = 0.66 eV
1000 GeV (•)
eemax BR=0.283
α1 =
pi
2
BR=0.475
α1 =
pi
2
α2 =
pi
2 α2 =
pi
2
mν0 = 0.71 eV mν0 = 0
µµmax BR=0.438
α1 = 0
BR=0.3
α1 = 0
α2 = 0 α2 = 0
mν0 = 0.015 eV mν0 = 0.66 eV
Table 6. Chosen parameter set for maximum branching ratios BR(H±± → ee) and BR(H±± → µµ)
and for the best fit neutrino parameters in Tab. 3. Corresponding benchmark points are marked in Fig. 4
(b) and (d) with  (MH±± = 700 GeV) and • (MH±± = 1000 GeV).
3.2 MLRSM, a choice of benchmark parameters and H±± decay scenarios
In this subsection, we study the constraints on MLRSM parameters and suitable benchmarks for the
collider analyses. MLRSM contains two heavy doubly charged scalar particles H±±1 and H
±±
2 , from
two additional triplets. For unitarity and stability criteria in MLRSM see [176]. Here we consider also
non-leptonic decay channels. Contributing vertices to the non-leptonic decay channels stem from
the kinetic term and scalar potential (see Eqs. 19 and 25 in [37]). Relevant decay modes of doubly
charged scalar bosons and respective strength of couplings are gathered in Tab. 7. The emboldened
processes in the table dominate for vL = ρ4 = 0 and ξ → 0 [176, 200, 201]. Apart from the values
of vertices, we need to take into account the mass spectrum. The analytic mass formulas for scalar
bosons in MLRSM are [176]
M2H00
= 2
(
λ1 +
α21
4ρ1
)
(κ21 + κ
2
2) ' (125 GeV)2, (3.1)
M2H01
=
1
2
α3v
2
R > (10 TeV)
2, (3.2)
M2H02
= 2ρ1v
2
R, (3.3)
M2H03
=
1
2
(ρ3 − 2ρ1)v2R > (55.4 GeV)2, (3.4)
M2A01
=
1
2
α3v
2
R − 2(κ21 + κ22)(2λ2 − λ3) > (10 TeV)2, (3.5)
M2A02
=
1
2
(ρ3 − 2ρ1)v2R (3.6)
M2
H±1
=
1
2
(ρ3 − 2ρ1)v2R +
1
4
α3(κ
2
1 + κ
2
2), (3.7)
M2
H±2
=
1
2
α3v
2
R +
1
4
α3(κ
2
1 + κ
2
2) > (10 TeV)
2, (3.8)
M2
H±±1
=
1
2
(ρ3 − 2ρ1)v2R +
1
2
α3(κ
2
1 + κ
2
2), (3.9)
M2
H±±2
= 2ρ2v
2
R +
1
2
α3(κ
2
1 + κ
2
2), (3.10)
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where κ1, κ2 are VEVs of the bidoublet and
√
κ21 + κ
2
2 has to be equal to the electroweak symmetry
breaking scale v, see (1.4). We assume that κ1 = v = 246 GeV and κ2 → 0. We use the same
convention and form of a scalar potential as given in [176]. To suppress the FCNC processes some of
neutral scalar particles have to be heavier than 10 TeV (see Appendix A in [165]). As a consequence,
the mass of H±2 should above 10 TeV, (3.2) and (3.8). Therefore we can neglect the H
±±
2 decay to
the H±2 scalar boson for CLIC and LHC energies.
A mass of the right-handed charged boson W2 is proportional to vR [37]
M2W2 '
g2v2R
2
=⇒ MW2 ' 0.47vR. (3.11)
The sharpest lowest limits on MW2 from CMS [167, 202] and ATLAS [203] experiments come from
the pp → lljj process and are already at the level of several TeV. However, depending on the
heavy neutrinos nature and masses, this limit might go down to the range of a few hundreds GeV.
On the other side, from (3.2) it is easy to find that the triplet VEV should fulfil an inequality:
vR >
√
2 103/
√
α3 [GeV]. Because α3 is a quartic coupling (four-scalar interaction) it contributes
to the 2 → 2 scattering and a unitarity condition requires α3 < 8pi [176]. The triplet VEV vR
has to be higher than ∼ 2800 GeV that translate to MW2 > 1325 GeV. So we can neglect the
doubly charged scalar bosons pair production with a subsequent decay to a heavy gauge boson pair
H±±2 →W±2 +W±2 for energies lower than 2MW2 .
H±±1 → W1 +W1 ∼ cos2 ξ vL H±±2 → W1 +W1 ∼ sin2 ξ vR
H±±1 → W1 +W2 ∼ cos ξ sin ξ vL H±±2 → W1 +W2 ∼ cos ξ sin ξ vR
H±±1 → W2 +W2 ∼ sin2 ξ vL H±±2 → W2 +W2 ∼ cos2 ξ vR
H±±1 → H±1 +W1 ∼ cos ξ gL H±±2 → H±2 +W1 ∼ sin ξ gR
H±±1 → H±1 +W2 ∼ sin ξ gL H±±2 → H±2 +W2 ∼ cos ξ gR
H±±1 → H±1 +H±1 ∼ ρ2 vL H±±2 → H±1 +H±1 ∼ ρ4 vR
H±±1 → H±2 +H±2 ∼ ρ4 vL H±±2 → H±2 +H±2 ∼ ρ2 vR
H±±1 → H±1 +H±2 ∼ κ2 H±±1,2 → H±±2,1 +H00 ∼ ρ4 vL
H±±1,2 → H±±2,1 +H01 ∼ ρ4 vL H±±1,2 → H±±2,1 +H02 ∼ ρ4 vL
H±±1,2 → H±±2,1 +H03 ∼ ρ4vR H±±1,2 → H±±2,1 +A02 ∼ ρ4vR
Table 7. Doubly charged scalar boson decay channels to scalar and gauge bosons in MLRSM. We have listed
all possible vertices and emboldened the dominating processes assuming that the left triplet VEV vL is
equal to zero and keeping in mind experimental limits on the W1 −W2 mixing angle ξ < 10−2 [164, 174]
and setting the ρ4 parameter to zero [176, 200]. The leptonic decays are analysed separately.
In Tab. 7 we present the other possible decay channels of H±±1,2 and corresponding vertices. Most
of them are negligible due to model’s self-consistency [176, 200], only bold decay channels can be
sunstantial. The H±±1,2 decay to H
±
2 is not possible for CLIC and LHC energies because of the FCNC
limits (3.8). Vertices contributing to the H±±1,2 decays to W1, W2 can be large and are included in
analysis leading to final four lepton signals.
Regarding H±±1 , its decay to H
±
1 +W
±
1 is limited by Higgs potential parameters and, as proved
analytically in [204], the allowed split ∆MH = MH±±1
−MH±1 can not exceed value 65.3 GeV.
We choose the benchmark points for vR = 6 TeV and 15 TeV. The first value falls in energy
range of LHC with pp → W2 → lNl → llW ∗2 → llqq¯′, assuming that MNi < MW2 . Corre-
sponding experimental results can be found in [167, 202]. We assume that the doubly charged
scalar masses are degenerate and choose two benchmark points: 700 GeV and 1000 GeV. For the
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MH±±1,2
= 700 GeV case we keep the leptonic branching ratio limits as given in Tab. 5, that means
BR(H±±1,2 → ee) < 0.5 and BR(H±±1,2 → µµ) < 0.3. For MH±±1,2 = 1000 GeV case we will assume
the maximum branching ratios for ee or µµ decays, i.e. they can reach 100%. The chosen maximal
leptonic branching ratios considered in this work are summarised in Tab. 8. Leptonic branching
ratios for H±±1,2 decays do not depend on the triplet VEV vR.
ee µµ ee+ µµ
BRH±±1
0.5 0.3 0.7
BRH±±2
1.0 0.8 1.0
Table 8. Maximum branching ratios for H±±1,2 → XX and MH±±1,2 = 700 GeV. Results for a left-handed
H±±1 coupling to leptons are the same as for the HTM case and are presented in Tab. 5. Branching ratios
for H±±2 are due to right-handed couplings of this particle to leptons. All data taken from [53].
3.3 The four leptons background in pp and e+e− collisions
We are interested at estimation of the Standard Model background for pp→ l+l−l+l− and e+e− →
l+l−l+l− processes, where l± = e±, µ±. The four leptons production at LHC is discussed in [165,
205]. The most relevant processes which contribute to the background are tt¯(Z/γ∗) and (Z/γ∗)(Z/γ∗)
production. To optimize the collider non-standard effects (decreasing SM tri- and four- lepton SM
background and reducing the efficiency of misidentification of b-jets as leptons), we use the following
criteria and selection cuts
C1. Lepton identification criteria: transverse momentum pT ≥ 10 GeV, pseudorapidity |η| < 2.5.
C2. Detector efficiency for electron (muon): 70% (90%).
C3. Lepton-lepton separation: ∆Rll ≥ 0.2.
C4. Lepton-photon separation ∆Rlγ ≥ 0.2 with pTγ > 10 GeV.
C5. Lepton-jet separation ∆Rlj ≥ 0.4.
C6. Hadronic activity cut - within the cone of radius 0.2 around the lepton the hadronic activity
should fulfill the inequality:
∑
pThadron ≥ 0.2× pTl .
C7. Z-veto - the invariant mass of any same flavour and opposite charge lepton should satisfy the
condition: |ml1l2 −MZ1 | ≥ 6 ΓZ1 .
C8. Hard pT cuts: pT (l1) > 30 GeV, pT (l2) > 30 GeV, pT (l3) > 20 GeV, pT (l4) > 20 GeV.
C9. Parton Distribution Functions (PDFs): CTEQ6L1 [206, 207].
The results are gathered in Tab. 9. For the e+e− collision we consider scattering and annihi-
lation channels with photon radiation, (Z/γ∗)(Z/γ∗) production and multiperipheral processes in
Fig. 5. The most relevant are diagrams b) and d). For
√
s = 1500 GeV we get σ = 4.465 fb before
and σ = 0.415 fb after applying the cuts defined above.
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Process Energy tt¯(Z/γ∗) (Z/γ∗)(Z/γ∗) TOTAL
σ(pp→ 4l) [fb] 14 TeV 0.082 0.036 0.118
100 TeV 0.79 0.13 0.92
Table 9. Dominant Standard Model background contributions to four-lepton signals at the LHC with√
s = 14 TeV and FCC-hh with
√
s = 100 TeV after applying cuts given in the text. For the tt¯ process we
take the k-factor to be 2.2 [208]. Cross section values are given in fb.
(a) (b) (c) (d)
Figure 5. Four lepton background diagrams in electron-positron colliders: e+e− → e+e− with FSR e+e−
pair emission (a) and (b); with Z/γ∗ production (c) and with multiperipheral processes (d).
3.4 The H±± pair production at e+e− and pp colliders
In this section we analyze the e+e− → H++(1,2)H−−(1,2) and pp → H++(1,2)H−−(1,2) processes for HTM and
MLRSM. Fig. 6 shows classes of Feynman diagrams for the H±± pair production in e+e− collisions in
HTM. There are s-channel diagrams mediated by Z/γ and Higgs bosons, and the t-channel diagram.
Figure 6. A pair production of doubly charged Higgs bosons e+e− → H++H−− in the HTM model.
Within HTM the contribution from the heavy neutral scalar H0 in the s-channel is negligible as both
l − l −H0 and H++ −H−− −H0 vertices are proportional to sinα, see (1.9), which is very small
[209]. Also, the contribution from the Standard Model Higgs boson H0 in the s-channel is small,
a few orders of magnitude lower than the contribution from the gauge bosons, because of small
Yukawa e+− e−−h coupling and heavy boson’s mass in the propagator. So, the main contribution
from the s-channel comes from the photon γ and Z0 gauge boson, the Higgs bosons contributions
are negligible.
We have a similar situation in MLRSM. Even though there are some additional possible interme-
diating particles in the s channel (scalars and the Z2 gauge boson, see Fig. 8), they are heavy, and
the couplings are small. Large Higgs boson masses in the propagators are proportional to vR (H
0
3
does not couple to charged leptons at all). For more details about the scalar mass spectrum when
the doubly charged Higgs boson masses are kept at the range of a few hundred GeV, see [200]. Also,
the non-standard gauge boson masses are proportional to vR, the contribution from heavy particles
will be small, and we do not expect any significant dependence on the right-handed triplet VEV vR
in the s-channel.
The t-channel in HTM contains the e− l′−H±± vertex. As the Yukawa coupling Y``′ is inversely
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proportional to the triplet VEV v∆ (1.17), this diagram becomes dominant for small v∆. However,
the region when the t-channel might be noticeable is ruled out by the low energy constraints [122],
the allowed t-channel cross section for e+e− → H++H−− is a few orders of magniture lower than
the s-channel, which is equal to 2.4 fb, see a solid horizontal line in Fig. 7. As discussed in previous
sections, taking into account the LHC limits on H±±, we assume MH±±
(1,2)
= 700 GeV. Therefore for
H±± pair production in e+e− collisions, we need the centre mass energy
√
s above 1 TeV. Numerical
results for
√
s = 1.5 TeV are gathered in Fig. 7. As discussed in Introduction such energies for
e+e− colliders are planned presently only at CLIC.
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1Figure 7. Doubly charged Higgs boson pair production e+e− → H++H−− for MH±± = 700 GeV and CM
energy 1.5 TeV in the HTM model. The crossed area is excluded by the low energy data (Tab. 4). We took
the neutrino oscillation parameters within the ±2σ range (Tab. 3), that is why the t-channel is smeared. As
it is shown, regardless of the choice of the neutrino parameters, the whole region where the t-channel is not
negligible is excluded. With a dashed line, we have marked the SM background for four leptons production
(electrons and muons) with kinematic cuts given in 3.3, σ = 0.415 fb.
Fig. 8 presents diagrams for the H±± pair production processes in electron-positron collisions
in MLRSM. The cross section in the s-channel is σ = 4.6 fb, see a blue line with Z2 resonance in Fig. 9.
,
,
Figure 8. Feynman diagrams at the tree level for a pair production of doubly charged Higgs bosons
e+e− → H++H−− in the MLRSM model.
The t-channel with the H±± − li − lj vertex is inversely proportional to vR. We assume, see
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section 2.2, vanishing off-diagonal couplings. In this case the vertex is
H±± − li − li =
√
2
vR
MNi . (3.12)
It depends on the right-handed triplet VEV vR and heavy neutrino masses. The limit on vR can
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1Figure 9. Doubly charged Higgs boson pair production e+e− → H++1 H−−1 +H++2 H−−2 for MH±±
(1,2)
= 700
GeV and CM energy 1.5 TeV in MLRSM. The choice of the parameter space is discussed in section 3.2
and for the t-channel it is based on MW2 −MN exclusion plots given in Fig. 6 in [202], Fig. 7 in [167]
and Fig. 7 in [203]. We take the heavy neutrino masses within ±2σ C.L., that is why two lines both
for CMS and ATLAS data are given. The crossed area on left is excluded by (g − 2)µ and FCNC. The
maximum for vR = 1900 GeV comes from the Z2 resonance, MZ2 = 1.9 TeV. The horizontal long-dashed
line ”Bhabha, Møller” separates the t-channel contribution to the cross section which is still allowed by the
CMS and ATLAS exclusion analysis (above) from constraints by the Bhabha and Møller processes (Tab. 1
and Tab. 2). The SM bacground (short-dashed horizontal line) after applying kinematic cuts is σ = 0.415
fb, see section 3.3.
be assessed by (3.11). The limits on the heavy neutrino masses are taken from new LHC CMS
and ATLAS data for the pp → lljj process [167, 202, 203]. This process is a collider analogue of
the neutrinoless double beta decay mediated by a heavy charged boson, heavy Majorana neutrinos,
and cross-sections depend strongly on masses and CP-parities of heavy neutrinos [62]. As we have
in disposal CMS and ATLAS results, in calculations we assume MW2 > MN with the same CP-
parities of heavy neutrinos. In Fig. 9 we vary the MW2 mass from 600 GeV to 5.5 TeV and the
heavy neutrino mass up to 4.8 TeV and take the LHC exclusion data within the ±2σ range.
The production through the t-channel is constrained by the Yukawa coupling Yee (3.12). We
assume perturbativity of the coupling Yee ∼ O(1). From MN =
√
2hMvR (2.4), hM . 1 we get
the relation between triplet VEV vR and heavy neutrino masses. Since the LHC exclusion plots
assume MN < MW2 , this condition is fulfilled automatically for the considered parameter space.
The most strict limits comes from the Bhabha and Møller processes, see Fig. 10, the doubly charged
scalar particles can contribute there. In Tab. 10 we gathered region of physical masses for heavy
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(a) (b)
Figure 10. The e+e− → e+e− (Bhabha) and e−e− → e−e− (Møller) processes at the lowest order with
doubly charged Higgs bosons.
neutrinos which arise from the discussed low energy LFV constraints. As we can see in Fig. 9, the
t-channel gray parts of the plotted lines above the long-dashed ”Bhabha, Møller” line assigned with
cross × and plus + symbols might dominate within the whole region of the vR parameter tested
by LHC. However, adding the discussed Yukawa constraints on H±± couplings gathered in Tab. 1
and Tab. 2, this region is eliminated and the t-channel contribution is comparable to the s-channel
level (corresponding red and black parts of the plotted CMS and ATLAS lines are thickened in
Fig. 9). The limits from the muon (g − 2) and the µ+e− → µ−e+ process are also taken into
account, since the corresponding diagrams contain the fee and fµµ couplings, but they play no
significant role. The (g − 2)µ process restricts the fµµ coupling (see Appendix 5). It affects heavy
neutrino mass bounds and for further calculations we assume that maximum MN2 = 5 TeV, what
is safe for considered values of the triplet VEV vR (6 and 15 TeV). Unlike in the HTM case, the LFV
processes do not restrict further the results because we assume the LFV vertices to be negligible
with no light-heavy neutrino mixings (see section 2.2). Taking into account the above constraints,
the maximal cross section at the t-channel is σt ∼ 4 fb, which is comparable to the s-channel σs =
4.6 fb.
MH±±1,2
[GeV] vR = 6 TeV vR = 15 TeV
700 MN1 < 1605 GeV MN1 < 4013 GeV
1000 MN1 < 2293 GeV MN1 < 5733 GeV
Table 10. Upper limits on the heavy neutrino masses for different sets of doubly charged Higgs boson
and the triplet VEV vR, taking into account low energy LFV constraints in Tab. 1 and SM processes in
Tab. 2.
Let us proceed to the hadron colliders and pair production of H±± Higgs bosons. Basic tree-
level diagrams for considered models are given in Fig. 11.
The H±± pair of Higgs bosons can be produced in the proton-proton collider via photon, Z
boson and neutral scalar particles in the s-channel. A contribution from scalar particles is negligible
in comparison to the diagrams with the intermediate photon and Z bosons.
MLRSM contains additional scalar triplets with neutral (H10 , H
2
0 , H
3
0 ), singly (H
±
1 , H
±
2 ) and
doubly charged (H±±1 , H
±±
2 ) Higgs bosons. We assume that masses of both H
±±
1 and H
±±
2 are
equal. H30 does not contribute to that process, because the H
3
0 −H±±1,2 −H±±1,2 vertex is proportional
to the left-handed triplet VEV vL which is set to zero to preserve the ρ-parameter. For considered
parameter space the contributions from the heavy Z2 gauge boson and scalar particles are negligible
so the contribution via the standard Z1 gauge boson and photon dominates.
Fig 12 shows the plot for the pp→ H++H−− cross sections both in the HTM and MLRSM models.
The cross sections are comparable in both models with slightly larger values for MLRSM. Due to that
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′a) HTM b) MLRSM
Figure 11. Feynman diagrams for the doubly charged scalar particles’ pair production in proton-proton
colliders within (a) HTM and (b) MLRSM models.
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1Figure 12. The H±± pair production pp → H±±H±± within the HTM and MLRSM models for LHC and
FCC-hh center-of-mass energies. Horizontal dashed lines give the SM background for the process pp→ 4l,
Tab. 9, with kinematic cuts defined in section 3.3.
difference we could expect the higher number of events for 4-lepton final states MLRSM. However, it
does not have to be the case as the final results depend strongly on branching ratios which we will
consider now.
3.5 Final four lepton signals within the HTM and MLRSM models, a comparison
Here we discuss four-lepton signals in e+e− and pp collisions mediated by doubly charged scalars in
HTM and MLRSM and present comparative analysis of the results obtained within the Standard Model
(background). As discussed in the previous section, H±± pair production is comparable in two
models, both in e+e− and pp collisions. However, final signals depends on subsequent H±± decays
(→ 4e, 4µ, 2e2µ) and suitable kinematic cuts. In the HTM model we take benchmark points for the
model connected with maximal 4e and 4µ signals as given in Fig. 4 (plots on right). Analogous
parameters for MLRSM are given in Tab. 11.
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MH±±1,2
MLRSM
H±±1,2 →vR = 6 TeV vR = 15 TeV
700 GeV BR
ee,µµ
H±±1,2
= 0.123
MN1 = 250
MN2 = 250
MN3 = 620
BRee
H±±1,2
= 0.5
BRµµ
H±±1,2
= 0.25
MN1 = 1300
MN2,3 = 918
4e
BRµµ
H±±1,2
= 0.3
BRee
H±±1,2
= 0.4
MN1 = 1300
MN2,3 = 1130
4µ
1000 GeV BR
ee,µµ
H±±1,2
= 0.123
MN1 = 250
MN2 = 250
MN3 = 620
BRee
H±±1,2
∼ 1 MN1 = 5733
MN2,3 = 300
4e
BRµµ
H±±1,2
∼ 1 MN2 = 5000
MN1,3 = 300
4µ
Table 11. MLRSM parameters which maximize separately the branching ratios BR(H±± → ee) and
BR(H±± → µµ) for vR = 6 TeV and vR = 15 TeV. A scenario with vR = 6 TeV has been covered already
by the LHC analysis, and branching ratios are due to Tab. 8, based on [167, 202]. The heavy neutrino
masses for vR = 6 TeV fulfill the low energy constraints given in Tab. 10.
SM background: e+e− → 4l
4e
No cuts: σ = 2.1 fb
After cuts: σ = 0.13 fb, N = 200
4µ
No cuts: σ = 0.07 fb
After cuts: σ = 0.005 fb, N = 8
BSM signal: e+e− → H++H−− → 4l HTM MLRSM
NH IH vR = 6 TeV vR = 15 TeV
4e
No cuts: 0.19 fb 0.53 fb 0.06 fb 0.924 fb
After cuts:
0.02 fb 0.06 fb 0.007 fb 0.113 fb
N=30 N=90 N=10 N=169
4µ
No cuts: 0.22 fb 0.19 fb 0.06 fb 0.33 fb
After cuts:
0.08 fb 0.08 fb 0.03 fb 0.137 fb
N=120 N=120 N=38 N=205
Table 12. Four lepton signals for doubly charged scalars’ pair production with subsequent decays at lepton
colliders, e+e− → H++H−− → 4l for MH±± = 700 GeV and
√
s = 1.5 TeV. In order to maximize signals in
electron and muon channels we have applied different parameter sets from Tab. 6 (for HTM) and Tab. 11 (for
MLRSM), see the main text for details. ”N” estimates a number of final events with the assumed luminosity
L = 1500 fb−1.
The 4-lepton signals obtained for the e+e− case are gathered in Tab. 12. In section 3.3 we
defined the kinematic cuts which maximise the 4-lepton signals. With assumed total luminosity,
we can see that the SM background is comfortable small for muons and the maximal 4µ signal’s
prediction in HTM can be significant, which is not true in the case of electrons. The difference is
enhanced by assumed detector efficiency for electrons (muons), see the cut C1 in section 3.3. For
MLRSM chosen parameters in Tab. 11 and vR = 6 TeV the signals are small when compared to
the SM background, especially for electrons. For muons a signal is ∼ 3 times smaller than in HTM.
However, for vR = 15 TeV the signals for muons detection can be larger in MLRSM. It should be noted
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that the e+e− → 4l results in MLRSM depends strongly on interference effects and the chosen heavy
neutrino parameters as the LHC exclusion data affects directly the t-channel contributions. In fact,
comparing the HTM results with the MLRSM results for vR = 6 TeV, we can see that the 4l signals
can be larger in HTM where the t-channel is negligible for all allowed parameters space (Fig. 7),
while in the MLRSM model the t-channel effects can still be large and comparable to the s-channel
contributions (Fig. 9). However, in both models the signals are much below the SM background
level.
SM background: pp→ 4l
4e
No cuts: σ = 6.9 [100.8] fb
After cuts: σ = 0.0061 [0.192] fb, N = 24 [4391]
4µ
No cuts: σ = 6.9 [100.6] fb
After cuts: σ = 0.019 [0.62] fb, N = 77 [15 167]
BSM signal: pp→ H++H−− → 4l HTM LRSM
NH IH vR = 6 TeV vR = 15 TeV
4e
No cuts:
0.0033 fb 0.0095 fb 0.0018 fb 0.085 fb
[0.39 fb] [1.11 fb] [0.47 fb] [10.6 fb]
After cuts:
0.00028 fb 0.0008 fb 0.00016 fb 0.0072 fb
N=1.1 N=3.2 N=0.6 N=28
[0.017 fb] [0.051 fb] [0.022 fb] [0.53 fb]
[N=421 ] [N=1269] [N=558] N=[13 240]
4µ
No cuts:
0.008 0.0034 fb 0.0018 fb 0.085 fb
[0.944 fb] [0.41 fb] [0.47 fb] [10.6 fb]
After cuts:
0.0027 0.00115 fb 0.0006 fb 0.028 fb
N=10 N=4.6 N=2.5 N=112
[0.176 fb] [0.078 fb] [0.098 fb] [2.1 fb]
[N=4397] [N=1967] [N=2437] N=[52 540]
Table 13. Four lepton signals for doubly charged scalars’ pair production with subsequent decays pp →
H++H−− → 4l for MH±± = 1000 GeV and
√
s = 14 [100] TeV. In order to maximize signals in electron and
muon channels we have applied different parameter sets from Tab. 6 (for HTM) and Tab. 11 (MLRSM), see the
main text for details. ”N” estimates the number of final events with assumed luminosity L = 4 ab−1 = 4000
fb−1 for HL-LHC [91] and L = 25 ab−1 = 25000 fb−1 for FCC-hh [210].
The maximal significance value S ≡ S′/√S′ +B where S′ and B are the total number of signal
and background events is S = 14 for 4µ signals in MLRSM with vR=15 TeV. For HTM, S = 11 for
both NH and IH neutrino mass scenarios and the 4µ signal.
The goal for HL-LHC is to deliver about L = 0.25 ab−1 = 250 fb−1 per year with the aim
of integrating a total luminosity in the range of 3 to 4.5 ab−1 by the late 2030s [91]. For the
FCC-hh, defined by the target of 100 TeV proton-proton collisions, a total integrated luminosity of
20-30 ab−1 is considered [210].
In Tab. 13 the results are given for the final 4l signals. This time we consider higher H±±
mass of 1 TeV. The kinematical cuts are defined in section 3.3. In this case independent, maximal
branching ratios for H±±1,2 → e±e± and H±±1,2 → µ±µ± can reach 100% (Tab. 11), which is not
possible for HTM (Tab.6). For pp collisions the 4e channel gives comparable to the background
signals in MLRSM with vR = 15 TeV. In pp collision the lowest order t-channel is not present, so no
destructive interference with the s-channel is possible. As given in Tab. 13, the maximal significance
value is S = 8[202] for 4µ in MLRSM with vR=15 TeV for HL-LHC and FCC-hh, respectively. For
HTM in the same 4µ channel S < 1 both in NH and IH neutrino mass scenarios. So a detection of
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4µ signals above the background level at HL-LHC and FCC-hh would give a clear indication for
the MLRSM model with high values of vR.
4 Conclusions and outlook
The doubly charged Higgs bosons H±± pair production in e+e− and pp colliders, with their subse-
quent decays to four charged leptons can give a very clear signal when searching for non-standard
scalar particles effects without missing energy. We discuss a relation between vacuum expectation
value of the triplet v∆ and H
±± couplings with leptons, taking into account constraints on v∆
coming from low energy studies connected with the ρ-parameter, muon (g − 2)µ, lepton flavor vi-
olation, e+e−, LHC processes, and neutrino oscillations (normal and inverse mass scenarios). The
low energy experiments rule out v∆ below 10 eV (for MH±± ∼ 700 GeV) both for normal and
inverted hierarchy, the strongest limit for non-zero mass of the lightest neutrino comes from LFV
µ→ 3e, see Fig. 2 and Tab. 4. As the Yukawa H±± − l− l′ couplings are inversely proportional to
v∆, the t-channel e
+e− → H++H−− process could be enhanced, however, neutrino oscillation data
makes it very small, and the s-channel dominates over allowed v∆, see Fig. 7. Similarly, Yukawa
H±±1,2 − l− l′ couplings in MLRSM could dominate the cross section for e+e− → H++1,2 H−−1,2 , however,
e+e− Bhabha and Møller processes makes it below the s-channel contribution, see Fig. 9. These
two cases show nicely how important are present SM and LFV experimental data, allowing to pre-
dict properly BSM signals in colliders studies. Altogether, H±± pair production processes in HTM
and MLRSM are comparable. Taking into account present bounds on MLRSM parameters, additional
contributions from both the right-handed current and extra scalar particles within MLRSM do not
make much difference. Finally, the collider signals for MLRSM are slightly stronger than in HTM, at
the production level.
Still, assuming non-universality of leptonic decays, and due to fields richness of MLRSM, branching
ratios for the H±± decays can be very different in both models, leading to different final signals.
We discuss the same H±± masses in both models. Taking into account all leptonic decays, we
show that LHC experimental data still allow for H±± mass as small as 700 GeV. We take it as the
first scenario, the second is for H±± mass equal to 1 TeV.
We discuss carefully possible decay channels and finally, we make predictions for the complete
process pp → H++H−− → 4l. In both models, we optimised parameters to maximise separately
e+e−(pp) → 4e and e+e−(pp) → 4µ final signals, at the same time being in agreement with all
experimental constraints coming from other considered processes.
The results are gathered in Tab. 12 and Tab. 13. There are many interesting conclusions that
we can draw from them, as discussed in section 3.5. In general, due to kinematic cuts and chosen
parameters, 4µ signals dominate over 4e. The latter signals are in most cases utmost at the level of
the SM background, both for lepton and hadron colliders. This situation gives a way to differentiate
the two models. In fact, the most interesting situation in which vR VEV in MLRSM is relatively large,
above sensitivity of LHC (we took vR = 15 TeV) does not give too strict constraints on the model’s
parameters, and the discovery signals can be large for e+e−(pp) → 4µ. In particular, for the
HL-LHC and FCC-hh cases, detectable signals which would exceed the SM background are possible
only for MLRSM. This conclusion is rather stable over changes of model parameters, for considered
kinematic cuts.
As an outlook for further studies, a discussion of e±e±µ∓µ∓ and e±e∓µ±µ∓ channels might
also be enjoyable, as well as four-lepton signal analysis with final state polarisations.
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5 Appendix. Supplemental material for phenomenological studies of
H±± scalar particles
In this appendix we have collected additional formulas we have used performing calculations which
are useful for detailed discussions.
Diagrams in Fig. 1 present the contribution from the singly and doubly charged scalar particles to
lepton flavour violating processes and to muon (g−2)µ. Those diagrams contain verticesH±±−li−lj
and H± − li − νj which origin from the Yukawa part of the Lagrangian, combining the Standard
Model Yukawa term with the triplet part (1.5)
LY = L
Φ
Y +L
∆
Y = − yij LiL Φ ljR + Yij LiLc iσ2 ∆ LjL + h.c. (5.1)
From (5.1) we obtain the interaction between charged leptons and a doubly charged scalar and
the interaction of a singly charged scalar with a charged lepton and neutrino. Taking into account
(1.13) and (1.4) and keeping in mind that yij ∝ 1vΦ is a SM diagonal matrix
V±± =
{
l+i − l+j −H−− = i (Yij + Yji)
l−i − l−j −H++ = i
(Y∗ij + Y∗ji) , (5.2)
V±∆ =
{
ν˜i − l+j −H− = i√2 cosβ (Yij + Yji)
νi − l−j −H+ = i√2 cosβ
(Y∗ij + Y∗ji) ∝
√
v2Φ − 2v2∆
vΦ · v∆ , (5.3)
V±Φ =
{
ν˜i − l−i −H+ = i sinβ yi
νi − l+i −H− = i sinβ yi
∝
√
2v∆
vΦ
√
v2Φ − 2v2∆
. (5.4)
Vertices V±∆ and V±±∆ comes from the same part of the Lagrangian and they break the lepton
flavour. Vertex V±Φ is proportional to v∆ while vertex V±∆ is inversely proportional to the triplet
VEV and dominates up to v∆ ∼ 106 eV. Since we are interested in lower regions of v∆ values, its
effect is negligible. So, with a good approximation for low values of v∆
V±∆ ≡ V± '
1√
2
V±±. (5.5)
As we discussed in section 1.3, the branching ratios of the radiative and µ-to-e conversion
depends on the one-loop form factors. From (1.22), we can read them explicitly
AL(q
2) = − (Y
∗)ei(Y)µi
24
√
2GFpi2
( 1
12M2H±
+
f(r, si)
M2H±±
)
,
AR = − (Y
∗Y)eµ
192
√
2GFpi2
( 1
8M2H±
+
1
M2H±±
)
, (5.6)
where f(r, si) is given by:
f(r, si) =
4si
r
+ log(si) +
(
1− 2si
r
)√
1 +
4si
r
log
(√r +√r + 4si√
r −√r + 4si
)
, (5.7)
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r =
−q2
m2H±±
, si =
m2i
m2H±±
. (5.8)
We have checked with earlier literature and the analytic forms for the CLFV processes are given
as [31, 84, 126, 137, 211]:
Radiative lepton decay li→ ljγ:
The branching ratios of radiative decay processes can be given by:
BR(li → ljγ) = 384pi2(4piαem)|AR|2 BR(li → ljνliνlj ).
Therefore the BRs for various radiative decays can be written as:
BR(µ→ eγ) = αem192pi |(Y
†Y)eµ|2
G2F
(
1
M2
H±
+ 8
M2
H±±
)2
BR(µ→ eν¯eνµ),
BR(τ → eγ) = αem192pi |(Y
†Y)eτ |2
G2F
(
1
M2
H±
+ 8
M2
H±±
)2
BR(τ → eν¯eντ ),
BR(τ → µγ) = αem192pi |(Y
†Y)µτ |2
G2F
(
1
M2
H±
+ 8
M2
H±±
)2
BR(τ → µν¯µντ ),
BR(µ→ eν¯eνe) = 100%,
BR(τ → eν¯eντ ) = 17.83%,
BR(τ → µν¯µντ ) = 17.41%.
The contribution of H±± to the branching ratios is eight times larger than by H± because of
the difference in a magnitude of couplings between V± and V±± in (5.5), in addition the amplitude
is proportional to the particles charge (which gives an additional factor of 4).
Three body decays l→ liljlk:
BR(µ→ eee) = 1
4G2F
|(Y†)ee(Y)µe|2
M4
H±±
BR(µ→ eν¯ν),
BR(τ → lilj lk) = S4G2F
|(Y†)τi(Y)jk|2
M4
H±±
BR(τ → µν¯ν), S =
{
1 if j = k
2 if j 6= k .
µ−to−e conversion
In the computation of conversion rate µ to e, both form factors contribute and the analytic form
can be written as
CR(µN → eN ∗) = Γconv
Γcapt
∼= 2α
5
emG
2
Fm
5
µZ
4
effZ|F (q2)|2
Γcapt
∣∣∣8AR + 2
3
AL
∣∣∣2. (5.9)
Therefore, the µ-to-e conversion ratio in the nuclei field can be given as [126, 137]:
CR(µN → eN ∗) = Γconv
Γcapt
∼= α
5
em
36pi4
m5µ
Γcapt
Z4effZ|F (q2 = −m2µ)|2 × (5.10)∣∣∣∣∣ (M†νMν)eµ2v2∆
[ 5
24m2H±
+
1
m2H±±
]
+
1
2v2∆m
2
H±±
∑
l=e,µ,τ
(Mν)
†
elf(r, si)(Mν)lµ
∣∣∣∣∣
2
,
where: Γcapt − total muon capture rate (see Tab. 14),
Zeff − effective charge for the muon in the 1s state,
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Γcapt [s
−1] Γcapt [eV] Zeff
197
79Au 13.07× 106 8.60× 10−9 33.5
48
22Ti 2.59× 106 1.71× 10−9 17.5
27
13Al 0.7054× 106 0.4643× 10−9 11.5
Table 14. Total muon capture rate and effective charge for 197Au, 48Ti and 27Al [212].
.
Muon (g − 2)µ
In case of doubly charged scalars, cumulative effects of muon (g − 2)µ and lepton flavor violation
have been discussed in details in [137, 213, 214] and for a triplet scalar it has been discussed in
[125].
γ(q)
µ(k1) µ(k1 + q)
H±
νµ(k1) µ(k1 + q)
H±±
l(r)
γ(q)
µ(k1) µ(k1 + q)H±±
γ(q)
l
a) b) c)
Figure 13. Feynman diagrams represent the contribution to (g − 2)µ within HTM
Contribution to muon (g−2) from doubly and singly charged scalar are shown in Fig. 13. Final
formulas for H±± and H± reads
[∆aµ]H±± = −
∑
l
f l ×
{
2m2µ|V±±µl |2
8pi2
∫ 1
0
dx
[ {
(x3 − x2) + mlmµ (x2 − x)
}
(
m2µx
2 + (M2H±± −m2µ)x+ (1− x)m2l
)]
︸ ︷︷ ︸
C1
(5.11)
−m
2
µ|V±±µl |2
8pi2
∫ 1
0
dx
[ {
x2 − x3 + mlmµx2
}
(
m2µx
2 + (m2l −m2µ)x+M2H±±(1− x)
)]}
︸ ︷︷ ︸
C2
, (5.12)
[∆aµ]H± = −
1
2
∑
ν
m2µ|V±µν |2
8pi2
∫ 1
0
dx
[
(x3 − x2)(
m2µx
2 + (M2H± −m2µ)x
)]
︸ ︷︷ ︸
C3
. (5.13)
f l is a symmetric factor equals to 4 for l = µ and 1 otherwise. The term proportional to the C1
integral is connected with the diagram a) in Fig. 13, the term with the C2 integral corresponds to
Fig. 13 b). Equation (5.13) presents a contribution from a singly charged particle H± (Fig. 13 c) )
to (g − 2)µ. Since both V± and V±± vertices are comparable, see (5.5), the contributions from
different diagrams depend mostly on C1, C2 and C3 integrals. Fig. 14 shows that the strongest
contribution (g − 2)µ comes from the doubly charged scalar H±±.
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Figure 14. C1, C2 and C3 integrals (5.11)-(5.13) as a function of charged scalars mass MH± = MH±± ≡
MH .
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